Mutations in the MFN2 gene encoding Mitofusin 2 lead to the development of Charcot-Marie-Tooth type 2A (CMT2A), a dominant axonal form of peripheral neuropathy. Mitofusin 2 is localized at both the outer membrane of mitochondria and the endoplasmic reticulum and is particularly enriched at specialized contact regions known as mitochondria-associated membranes (MAM). We observed that expression of MFN2 R94Q induces distal axonal degeneration in the absence of overt neuronal death. The presence of mutant protein leads to reduction in endoplasmic reticulum and mitochondria contacts in CMT2A patient-derived fibroblasts, in primary neurons and in vivo, in motoneurons of a mouse model of CMT2A. These changes are concomitant with endoplasmic reticulum stress, calcium handling defects, and changes in the geometry and axonal transport of mitochondria. Importantly, pharmacological treatments reinforcing endoplasmic reticulum-mitochondria cross-talk, or reducing endoplasmic reticulum stress, restore the mitochondria morphology and prevent axonal degeneration. These results highlight defects in MAM as a cellular mechanism contributing to CMT2A pathology mediated by mutated MFN2. motoneurons | endoplasmic reticulum | mitochondria | CMT2A | neuropathy
Mutations in the MFN2 gene encoding Mitofusin 2 lead to the development of Charcot-Marie-Tooth type 2A (CMT2A), a dominant axonal form of peripheral neuropathy. Mitofusin 2 is localized at both the outer membrane of mitochondria and the endoplasmic reticulum and is particularly enriched at specialized contact regions known as mitochondria-associated membranes (MAM). We observed that expression of MFN2 R94Q induces distal axonal degeneration in the absence of overt neuronal death. The presence of mutant protein leads to reduction in endoplasmic reticulum and mitochondria contacts in CMT2A patient-derived fibroblasts, in primary neurons and in vivo, in motoneurons of a mouse model of CMT2A. These changes are concomitant with endoplasmic reticulum stress, calcium handling defects, and changes in the geometry and axonal transport of mitochondria. Importantly, pharmacological treatments reinforcing endoplasmic reticulum-mitochondria cross-talk, or reducing endoplasmic reticulum stress, restore the mitochondria morphology and prevent axonal degeneration. These results highlight defects in MAM as a cellular mechanism contributing to CMT2A pathology mediated by mutated MFN2. motoneurons | endoplasmic reticulum | mitochondria | CMT2A | neuropathy C harcot-Marie-Tooth (CMT) disease, also known as hereditary motor and sensory peripheral neuropathy, represents a clinically heterogeneous group of inherited neurological disorders with a prevalence of 1 in 2,500 (1, 2) . These diseases result from defects in axons or in myelin or in both. Among the axonal forms of CMT, around 10 to 20% are linked to mutations in the MFN2 gene, encoding Mitofusin 2, and are referred to as CMT2A (3) (4) (5) . The symptoms of CMT2A are mainly characterized by progressive distal muscle weakness and atrophy, foot deformities, areflexia, and sensory loss (6) . However, the age of disease onset and the severity of symptoms are highly variable among CMT2A patients (6) .
MFN2 is a dynamin-like GTPase protein originally identified at the outer membrane of mitochondria, where it regulates mitochondrial fusion (7) . Characterization of in vitro and in vivo models of the disease based on the expression of mutated MFN2 has led to substantial insights into the CMT2A pathophysiology (8) (9) (10) (11) (12) . Multiple mouse models have been developed for CMT2A (8, (13) (14) (15) ; however, a transgenic line overexpressing MFN2 R94Q specifically in neurons (mitoCharc mice or CMT2A Tg) most closely mimics the late-onset CMT2A pathology (8) . CMT2A Tg mice develop locomotor dysfunction from the age of 5 mo on, a pathologic effect associated at a late stage of the disease with the accumulation of mitochondria in small-caliber axons (8) . However, the long-term progression of the disease and the mechanisms underlying motor and/or sensory dysfunction have not been fully characterized in this model. In vitro, primary sensory and motor neurons overexpressing mutated MFN2, or motoneurons differentiated from CMT2A iPS cells, both display mild defects in mitochondrial transport as well as mitochondrial fragmentation (10) (11) (12) (14) (15) (16) . In sensory neurons expressing MFN2 R94Q , overexpression of the homologous mitochondrial protein MFN1 partially restores mitochondrial fusion and rescues mitochondrial transport and axonal degeneration (10) , suggesting the existence of additional mechanisms underlying the MFN2 R94Q -related pathophysiology.
Interestingly, a fraction of MFN2 is also located at the endoplasmic reticulum (ER) membrane, in particular at specialized sites of contacts with mitochondria called mitochondria-associated membranes (MAM) (17) . The MAM control several cellular Significance Interactions between mitochondria and the endoplasmic reticulum (ER) at the level of mitochondria-associated membranes (MAM) constitute a key signaling hub, emerging as a shared target altered in multiple neurodegenerative diseases. We use both in vivo and in vitro models of Charcot-Marie-Tooth type 2A, an axonal form of neuropathy, to demonstrate that the presence of mutated Mitofusin 2 leads to altered MAM. In neurons, these modifications occur concomitantly with activation of ER stress response, dysregulated calcium handling, and alterations in mitochondrial morphology and transport, collectively contributing to axonopathy. Importantly, the reported results indicate that the pathological consequences of mutated Mitofusin 2 may be targeted with drugs reinforcing the ER-mitochondria cross-talk and/or reducing ER stress. processes such as lipid metabolism, calcium homeostasis, mitochondrial dynamics, and autophagy/mitophagy (18, 19) . Several studies have highlighted the role of MAM in neuronal function, with important implications in various neurodegenerative disorders (20) (21) (22) (23) (24) (25) . MFN2 has been proposed to regulate either positively or negatively the association between the two organelles (17, (26) (27) (28) . However, it is unknown how CMT2A-associated MFN2 mutations affect MAM functioning and what the potential consequences for CMT2A pathology are. In addition to MFN2, mutations in other mitochondrial proteins including GDAP1, OPA1, DNM1L, ATAD3A, and SLC25A46 affect mitochondrial biology and lead to neurological diseases (29, 30) . Similarly, mutations in proteins affecting shape and function of ER including FAM134B, ATL1, ATL3, and BSCL2 are linked to disturbed neuronal function (2) . These studies indicate the importance of both mitochondrial and ER physiology and interorganelle communication in the field of neuropathy.
In the present study, we characterized in detail the neuropathy phenotype caused by expression of MFN2 R94Q in both in vitro and in vivo CMT2A disease models. Our data show that overexpression of MFN2 R94Q affects locomotion and gait in CMT2A Tg mice and causes the loss of neuromuscular junctions at a late stage of the disease. In primary neurons, MFN2 R94Q induces axonal degeneration. At the cellular level, MFN2 R94Q expression leads to the loss of MAM, ER stress, intracellular calcium handling defects, and impaired mitochondrial dynamics. Importantly, we observe that pharmacological treatments to reinforce MAM function or block ER stress can rescue some of the axonal and mitochondrial phenotypes caused by MFN2 R94Q .
Results

CMT2A Tg Mice Display Locomotor and Gait Abnormalities Associated
with Slow-Twitch Muscle Denervation. Previous studies showed that heterozygous (line hMFN2R94QL51, MitoCharc1) and homozygous (line hMFN2R94QL87, MitoCharc2) CMT2A Tg mice develop locomotion impairments in the rotarod test, starting from the age of ∼6 mo (8) . As CMT2A patients display symptoms that worsen with age (31), we sought to assess the progression of both motor and sensory dysfunctions in CMT2A Tg mice. To mimic the dominant inheritance of CMT2A we used heterozygous B6;D2-Tg (Eno2-MFN2 * R94Q)/− mice [originally named hMFN2R94QL51, MitoCharc1 (8)], hereafter referred as CMT2A Tg mice. We performed a battery of behavioral tests at early and late time points (6 and 12 mo of age). Mouse locomotor function was evaluated using the rotarod and CatWalk gait analysis, whereas their sensory sensitivity to a mechanical stimulus was evaluated using the Von Frey test which is based on evaluation of the mechanical force able to elicit a paw withdrawal response (32) . We did not observe any significant effect in sensory function ( Fig.  1A) . However, the performance on the rotarod was significantly affected in CMT2A Tg animals compared with WT littermates at both 6 and 12 mo of age ( Fig. 1B ). In the group of CMT2A Tg mice, the latency to fall from the rotarod did not significantly decrease between 6 and 12 mo ( Fig. 1B and SI Appendix, Fig.  S1A ). Furthermore, analysis of the rotarod results according to mouse sex showed that the motor performance was significantly decreased in male but not in female CMT2A Tg mice (SI Appendix, Fig. S1A ).
The CatWalk test revealed that several gait parameters were significantly changed at both 6 and 12 mo in CMT2A Tg mice compared with WT mice. These parameters were classified as indicators of the pressure exerted by each paw, the area of the floor contacted by each paw, gait/posture, and coordination (SI Appendix, Table S1 ). Intensity variables reflecting paw pressure during contact with the glass walkway floor were reported to be affected by peripheral nerve injury (33) . Here, forepaw intensity values were significantly decreased in CMT2A Tg animals at both time points (SI Appendix, Table S1 ). Print size of the right forepaw was also reduced in 6-mo-old CMT2A Tg mice, suggesting a misplacement of the paw (SI Appendix, Table S1 ). Dynamic CatWalk variables that evaluate gait/posture as well as coordination were also affected in CMT2A Tg mice. At the age of 6 mo, right forepaw terminal dual stance and left forepaw duty cycle mean were increased, whereas two other variables (left hindpaw stand mean and "support three") also indicating gait impairment were significantly changed in 12-mo-old CMT2A Tg animals (SI Appendix, Table S1 ). These observations indicate that CMT2A Tg mice maintain some of their paws longer on the glass plate. Finally, the right forepaw and right hindpaw interpaw coordination reflected by the phase dispersions and couplings parameters were altered in CMT2A Tg mice only at 12 mo (SI Appendix, Table S1 ).
To assess whether these locomotor defects were linked to muscle weakness, we monitored muscle strength using the grid test (34, 35) . No decrease in muscle strength score was observed in CMT2A Tg mice compared with WT at either 6 (WT: 2,308 ± 96.2 and CMT2A Tg: 2,328 ± 144.8) or 12 mo (WT: 1,886 ± 107.7 and CMT2A Tg: 1,852 ± 155.2).
As defects in locomotion can reflect subtler neuromuscular dysfunctions, we evaluated motoneuron survival and neuromuscular junction (NMJ) innervation. We did not observe any loss of motoneurons in CMT2A Tg spinal cord at 12 mo (Fig. 1C) . Similarly, there was no significant loss of proximal motor axons in the ventral roots or sensory neurons in the dorsal root (SI Appendix, Fig. S1 B and C). However, we observed a significant decrease in the proportion of fully innervated NMJ at the age of 12 mo in the slow-twitch soleus muscle of CMT2A Tg mice (innervated NMJ WT: 79 ± 5.8%, CMT2A Tg: 48.2 ± 7%) ( Fig. 1 D and E). Remarkably, at the same age, NMJ occupancy was not significantly reduced in the fast-twitch tibialis muscle (SI Appendix, Fig. S1D ), and electrophysiological recording of the compound muscle action potential (CMAP) did not show any significant decrease in amplitude in CMT2A Tg mice (SI Appendix, Fig. S1E ). These results were consistent with preserved muscle strength (dependent on gastrocnemius and tibialis muscles) measured with the grid test in the CMT2A Tg mice until 12 mo. Moreover, NMJ innervation was not affected at 6 mo in the soleus muscle (SI Appendix, Fig. S1F ), suggesting that additional mechanisms may underlie the behavioral dysfunctions already observed at this age, and possibly involve other distal muscle groups.
MFN2 R94Q Overexpression Reduces Neurite Length of Primary
Motoneurons. To characterize the mechanisms underlying neuronal dysfunction in CMT2A, we used primary embryonic cultures of either motor or sensory neurons, the two neuronal populations that are typically affected by the disease. To evaluate the effects of mutated CMT2A, we overexpressed either the WT (MFN2 WT ) or R94Q mutated form of MFN2 (MFN2 R94Q ) using AAV6 vectors (SI Appendix, Fig. S2A ). In accordance with our in vivo data, the overexpression of either MFN2 WT or MFN2 R94Q did not reduce the survival of motor or sensory neurons at 4, 6, or 8 d postinfection (dpi) ( Fig. 2 A and B) . However, the overexpression of MFN2 R94Q led to a significant reduction of neuritic length at 6 dpi. This effect was evident in motoneurons (noninfected: 1,982.6 ± 220.9, MFN2 WT : 2,056.8 ± 175.7 μm, MFN2 R94Q : 1,419.5 ± 110.5 μm) but not in sensory neurons (MFN2 WT : 3,810 ± 648 μm, MFN2 R94Q : 3,547 ± 897 μm) ( Fig. 2 C and D) . Moreover, in both motor and sensory neurons expressing MFN2 R94Q we observed the presence of axonal swellings and spheroids, as revealed by peripherin staining (Fig. 2D ).
MFN2 R94Q Impairs ER-Mitochondria Tethering both in Vitro and in
Vivo. MFN2 has been shown to regulate either positively or negatively ER-mitochondria connections (17, (26) (27) (28) . We therefore quantified ER-mitochondria contacts in neurons overexpressing either WT or mutated MFN2. We used an in vitro proximity ligation assay (PLA) based on the interaction of the mitochondrial VDAC1 protein and the ER protein IP3R, as previously described (22) (SI Appendix, Fig. S2B ). The number of dots reflecting ER-mitochondria contacts was significantly decreased in both motor and sensory neurons overexpressing MFN2 R94Q , compared with both noninfected neurons and neurons overexpressing MFN2 WT ( Fig. 3 A and B) . To determine if similar defects can be observed in CMT2A pathology, PLA was also performed in CMT2A patient-derived fibroblasts. Compared with control fibroblast cell lines, we again observed a significant decrease in the number of ER-mitochondria contacts ( Fig. 3 C and D). As overexpression of MFN2 in cell lines can induce changes in various mitochondrial parameters (36) , we investigated if the reduced number of contacts observed in both CMT2A neurons and fibroblasts as well as neuronal neurite shortening could be primarily caused by morphological alterations of mitochondria. Based on localization of myc-MFN2 and myc-MFN1, we did not observe any obvious clustering of mitochondria in neurons overexpressing MFN2 WT or MFN2 R94Q (SI Appendix, Fig. S2 A and E). Furthermore, we evaluated the impact of overexpression of MFN1, which has been reported to effectively complement this CMT2A mutant protein for mitochondrial fusion (37) . Motoneuron cultures transduced with an AAV6 vector expressing either GFP or MFN2 R94Q were cotransduced with an AAV6-MFN1 vector (using a total vector dose similar to the previous experiment). MFN1 coexpression did not significantly change the number of ER-mitochondria contacts, which was still decreased in neurons overexpressing MFN2 R94Q (SI Appendix, Fig. S2C ). Furthermore, we did not observe any significant effect of MFN1 on neurite shortening in MFN2 R94Q -expressing motoneurons (SI Appendix, Fig. S2D ). Similar to neurons, MFN1 expression in patient-derived fibroblasts also did not significantly change the reduced number of ER-mitochondria contacts (SI Appendix, Fig. S2 E and F). These data suggest that the MAM and neuritic defects observed in CMT2A context cannot be rescued by MFN1 overexpression. Next, we further evaluated by electron microscopy the contacts between mitochondria and ER, in the motoneuron soma in the lumbar spinal cord of 12-mo-old WT and CMT2A Tg mice. In WT mice, 37.8 ± 2.1% of the mitochondria made at least one contact with the ER, whereas this proportion was significantly decreased in CMT2A Tg motoneurons (31.3 ± 2.1%) ( Fig. 3 E and G). Furthermore, the length of these contacts was significantly decreased in CMT2A Tg motoneurons, representing only 6.0 ± 0.3% of mitochondrial perimeter, as compared 9.6 ± 0.4% in their WT counterparts ( Fig. 3 F and G). We did not notice any significant change in the level of expression of SIGMAR1 or VAPB, two constituents of MAM, in the spinal cord of CMT2A mice, supporting a specific role of mutated MFN2 in the observed MAM defects (SI Appendix, Fig. S2 G and H). To determine whether the altered contacts between ER and mitochondria played a functional role in neurite shortening following MFN2 R94Q expression, we treated motoneurons with Pre-084 a selective agonist of SIGMAR1, a chaperone protein located at the MAM which controls calcium transfer from the ER toward mitochondria (22) . Remarkably, exposure of primary motoneurons to Pre-084 almost completely prevented neurite degeneration induced by MFN2 R94Q , as shown by significant increase in neuritic length compared with untreated neurons (MFN2 R94Q : 1,479 ± 162 μm, MFN2 R94Q + Pre-084: 2,087.5 ± 187.9 μm) ( Fig. 3H ).
Expression of MFN2 R94Q Leads to Unfolded Protein Response Activation
and Intracellular Calcium Defects. MAM defects have been previously linked to ER malfunction leading to an unfolded protein response (UPR) and calcium homeostasis impairments (22, 38) . We therefore analyzed the level of ER stress markers in vitro (phosphorylated eIF2A, P-eIF2α; the ER chaperone PDI). The levels of both P-eIF2α and PDI were significantly increased in motoneurons overexpressing mutated MFN2 relative to MFN2 WT (PDI MFN2 R94Q : +71.2 ± 21.0% compared with MFN2 WT ; P-eIF2α MFN2 R94Q : +134 ± 53.4% compared with MFN2 WT ) ( Fig.  4 A and B) . In sensory neurons, there was no significant effect of MFN2 R94Q on the level of both PDI and P-eIF2α ( Fig. 4A ).
To confirm these findings in vivo, we analyzed the level of P-eIF2α, PDI, and activating transcription factor 6 (ATF6) in lumbar motoneurons of 12-mo-old CMT2A Tg animals. Compared with WT littermates, we observed a significant increase in PDI expression similar to the changes seen in vitro ( Fig. 4 C and E). Although there was a clear trend toward increased level of P-eIF2α, the difference did not reach statistical significance (Fig.  4C ). We also analyzed the nuclear translocation of ATF6 as an additional early marker of ER stress in motoneurons of WT and CMT2A Tg mice. The proportion of motoneurons with a predominant nuclear vs. cytosolic ATF6 staining was significantly higher in the CMT2A Tg lumbar spinal cord (WT: 24 ± 3.2%, CMT2A Tg: 47.4 ± 5.2%) ( Fig. 4 D and E) .
Interestingly, exposure of primary motoneurons to the ER stress inhibitor salubrinal (22) almost completely prevented neurite degeneration induced by MFN2 R94Q , as shown by a significant increase in neuritic length compared with untreated neurons (MFN2 R94Q : 1,270.7 ± 77.8 μm, MFN2 R94Q + salubrinal: 1,685.5 ± 115.6 μm) ( Fig. 4F) . These results show that ER stress plays a functional role in neuronal degeneration following MFN2 R94Q expression.
We also monitored intracellular calcium variation in motor and sensory neurons using ratiometric Fura-Red AM calcium dye before, during, and after 25 mM KCl exposure, as previously described (39) . In basal conditions, we did not detect any difference in the ratiometric fluorescence of the calcium indicator when comparing motoneurons overexpressing either MFN2 WT or MFN2 R94Q , indicating no difference in basal calcium loading ( Fig. 5 A and B) . However, we found a lower amplitude in the KCl-evoked calcium rise in MFN2 R94Q motoneurons, compared with cells expressing MFN2 WT (Fig. 5C ), while there was no difference in normalized half-time recovery (Fig. 5D ). The data from sensory neurons ( Fig. 5 E-H) also revealed changes in calcium homeostasis, showing alterations in the basal calcium loading (Fig. 5F ), a lower amplitude in the KCl-evoked calcium rise in MFN2 R94Q (Fig. 5G ), and an increase in time to return to basal calcium levels (Fig. 5H ).
To further elucidate the possible perturbations in [Ca 2+ ] i homeostasis, we examined the global [Ca 2+ ] i dynamics in CMT2A patient-derived fibroblasts and control fibroblasts (Fig. 5I) .
To determine whether an impairment in ER handling of [Ca 2+ ] i was present , we examined the difference in ER Ca 2+ discharge between control and patient cells by challenging the cells in Ca 2+ -free conditions with thapsigargin (2 μM), a compound known to induce Ca 2+ release from the ER by inhibiting Ca 2+ sarco/ endoplasmic reticulum Ca 2+ -ATPase pumps. Remarkably, a significant drop in the [Ca 2+ ] i baseline steady state was observed between patient and control cells (0.18 ± 0.017 vs. 0.31 ± 0.021; Fig. 5 J and K) when extracellular Ca 2+ was removed by EDTA chelation before the application of thapsigargin. Applying thapsigargin resulted in a significantly lower amplitude of the [Ca 2+ ] i response in patient cells compared with controls (0.53 ± 0.033 vs. 0.39 ± 0.019; Fig. 5 L and M) . Mitochondria play a role in the uptake of Ca 2+ from the cytosol, in particular in presence of high [Ca 2+ ] i levels. We used the protonophore CCCP (carbonyl cyanide m-chlorophenyl hydrazone), which collapses the mitochondrial membrane potential, to release Ca 2+ from the mitochondria. As seen in Fig. 5N and SI Appendix, Fig. S3A , the level of Ca 2+ discharged as a result of bath application of CCCP (2 μM) was significantly higher in CMT2A fibroblasts than in their respective controls, which indicates that mitochondria may accumulate abnormally high levels of Ca 2+ in these cells.
Mitochondrial Transport and Clustering Are Altered in Axons Expressing MFN2 R94Q . Previous studies reported contradictory results regarding abnormalities of mitochondrial transport following mutated MFN2 expression (10, 12, 15) . We monitored axonal mitochondrial transport by time-lapse microscopy in vivo, in the mouse sciatic nerve. Mitochondria were classified according to their velocities, moving at either very slow (<0.3 μm/min), slow (>0.3 and <0.6 μm/ min), medium (>0.6 and <0.9 μm/min), or fast (>0.9 μm/min) speed ( Fig. 6 A and B and SI Appendix, Fig. S3B ). The frequency distribution showed more very-slow-moving and fewer moving mitochondria in axons of the sciatic nerve of 1-mo-old CMT2A Tg mice compared with control mice (SI Appendix, Fig. S3B ). In addition, very-slow-moving mitochondria were significantly slower in CMT2A Tg mice, compared with WT littermates (mean speed of very slow mitochondria, WT: 0.24 ± 0.011 μm/min, CMT2A Tg: 0.11 ± 0.01 μm/min) (Fig. 6B ). This actually translated into a sharp increase in the proportion of stationary mitochondria (WT: 3.4%, CMT2A Tg: 50.7%). Mitochondrial velocity was not affected toward any specific direction, since there was no difference in the average anterograde or retrograde mitochondrial transport speeds (Fig. 6C ). However, the proportion of mitochondria moving anterogradely or retrogradely was different between control and CMT2A Tg mice (WT: 32% retrograde and 68% anterograde moving mitochondria, CMT2A Tg: 55% retrograde and 44% anterograde moving mitochondria). The formation of mitochondria accumulations/clusters has previously been observed in vitro and could potentially be linked to mitochondrial transport defects induced by MFN2 R94Q (14, 16) . Therefore, we measured the diameter of mitochondria clusters in axons relative to the average diameter of a single mitochondrion. We noticed a significant overrepresentation of individual mitochondria as well as small mitochondria clusters (size category 0.4-0.6 μm) with a decrease in the numbers of large-size clusters in CMT2A Tg axons compared with WT axons (Fig.  6D) . Overall, these observations suggest defects in mitochondrial dynamics following MFN2 R94Q overexpression.
MFN2 R94Q -Induced Changes in Mitochondrial Morphology Can Be
Partially Reverted by Preventing ER Stress. MFN2 is one of the main proteins controlling mitochondrial fusion (40) . Mitochondrial length is reduced in sensory neurons expressing MFN2 R94Q (10) . Altered ER-mitochondria contact could be implicated in this phenotype since MAM participate in regulation of mitochondria dynamics (18) . We analyzed mitochondria morphology in vitro, by loading motor neurons and sensory neurons with MitoTracker Red, allowing labeling more than 90% of axonal mitochondria (22) . We noticed a significant decrease in mitochondria length in both motor and sensory neurons overexpressing MFN2 R94Q (motoneurons: MFN2 WT : 1.76 ± 0.14 μm, MFN2 R94Q : 1.36 ± 0.09 μm; sensory neurons: MFN2 WT : 1.79 ± 0.09 μm, MFN2 R94Q : 1.43 ± 0.09 μm) ( Fig. 7 A and B) . Mitochondria morphology was also evaluated using in vivo imaging, in axons of the sciatic nerve of 1-mo-old WT and CMT2A Tg mice. In this experiment, axonal mitochondria were labeled with mito-Dsred2 expressed following injection of AAV9-CAG-mitoDsred2 into the spinal cord at postnatal day 1. In CMT2A Tg mice, mitochondrial length was again significantly reduced compared with WT littermates (WT: 3.7 ± 0.1 μm, CMT2A Tg: 3.2 ± 0.12 μm) ( Fig. 7 C and D) . The diameter of mitochondria was not significantly changed (WT: 0.49 ± 0.13 μm, CMT2A Tg: 0.56 ± 0.1 μm). Furthermore, we also used transmission electron microscopy to assess mitochondrial morphology in the soma of spinal cord motoneurons (SI Appendix, Fig. S3C ). In 12mo-old CMT2A Tg mice, consistent significant decrease in mitochondria length was observed (WT: 0.64 ± 0.014 μm, CMT2A Tg: 0.58 ± 0.02 μm). Together, these results suggest that mutated MFN2 may affect mitochondrial fusion, leading to smaller mitochondria.
Since perturbations of ER-mitochondria contacts affect mitochondrial dynamics, we sought to explore if treatments with either Pre-084 to reinforce MAM function or salubrinal to prevent ER stress had beneficial effects on mitochondrial morphology in neurons expressing MFN2 R94Q . We measured mitochondria length in primary motoneurons expressing MFN2 R94Q as previously described and found that both treatments restored mitochondrial length to values similar to the control MFN2 WT condition (Fig. 7E) . By performing electron microscopy on the distal sciatic nerve of 6-mo-old CMT2A Tg mice, we also measured a significant rescue of mitochondrial size and density after 4 wk of daily salubrinal injections ( Fig. 7 F-H) . Finally, we also evaluated the motor performance of salubrinaltreated CMT2A Tg mice compared with saline-injected CMT2A Tg and WT animals. In the rotarod test, a significant increase of the latency time until fall was observed only in the salubrinal-treated CMT2A Tg mice, compared with the motor performance measured before treatment (Fig. 7I) . Overall, these results demonstrate that both the modulation of MAM and ER stress support proper function of mitochondria and could prevent some defects caused by MFN2 R94Q . 
Discussion
We used both in vitro and in vivo models of CMT2A diseases to gain insight into the pathophysiology of MFN2 R94Q -induced axonopathy. Overexpression of MFN2 R94Q led to partially progressive locomotor impairments in mice, whereas overt distal axonal degeneration was apparent only at later stages of the disease. Decreased numbers of ER-mitochondria contacts as well as ER and mitochondria dysfunction were detected in motor and sensory neurons expressing MFN2 R94Q , either preceding or concomitant to axonal degeneration. We also observed that the number of MAM was reduced in patient-derived fibroblasts carrying MFN2 mutations compared with age-matched controls.
Although muscle strength can be affected to different degrees in CMT2A patients depending on the age of disease onset, clinical data also indicate that sensory function is generally less affected (6, 41, 42) . Here, we characterized the motor and sensory functions of CMT2A Tg mice at early and late stages of the disease (6 vs. 12 mo). We confirmed that locomotor dysfunction is an early feature of CMT2A Tg mice, detectable with the rotarod test in 6-and 12-mo-old mice, although this phenotype does not worsen with age. The motor function as evaluated by rotarod is more affected in male than female CMT2A Tg mice. To our knowledge, no sex-specific motor deficits have been previously described in CMT patients, except for CMTX1, where males have a tendency (although not reaching statistical significance) to be more affected than females (43) .
Locomotion as well as gait defects are most evident in the CatWalk test (44) , previously used in another CMT2A model (13) . This test has revealed several parameters altered in CMT2A Tg mice, which highlight changes in the pressure and the surface of contact of the paw (spatial parameters) and in gait/posture (temporal parameter) and coordination. Spatial parameters are consistently decreased at 6 and 12 mo, whereas temporal parameters and coordination tend to deteriorate over time. Similarly, foot misplacement and deformation, as well as toe muscle weakness, are observed in CMT2A patients and lead to steppage gait (6) . In CMT2A Tg mice, gait parameters such as terminal dual stance and duty cycle mean are already changed at 6 mo. At 12 mo, parameters including left hindpaw stand mean and support three are significantly changed, which could suggest posture alterations with an increased duration of the postural phase (45) . In addition, interpaw coordination of the right limb pair reflected by the phase dispersion and couplings parameters, are altered in 12-mo-old CMT2A Tg animals. All together, these results indicate walking difficulties in CMT2A Tg mice, with symptoms slightly progressing between 6 and 12 mo.
Quantification of NMJ occupancy showed that between 6 and 12 mo of age the proportion of fully innervated junctions significantly declines to 50% in the slow-twitch soleus muscle of CMT2A Tg mice. In contrast, in the fast-twitch tibialis muscle, denervation does not reach statistical significance and electrophysiological recordings do not show any significant changes in CMAP amplitude. Our data show that neuromuscular pathology is more prominent in the slow-twitch soleus muscle compared with the fast-twitch tibialis anterior muscle. It is, however, possible that other distal muscles might be also affected, which will require further analysis. Soleus muscle is mainly involved in walking and maintenance of standing posture (46) , two parameters altered in the CMT2A Tg mouse model. In contrast, tibialis muscle is involved in functions such as running and jumping, which require strength. Slowly progressing locomotor deficits combined with late muscle denervation indicate that CMT2A Tg mice partially mimic the phenotype of late-onset CMT2A neuropathy. Compared with early-onset disease, late-onset CMT2A is indeed characterized by milder and more slowly progressing symptoms (41) . Moreover, axonal degeneration is almost absent in these patients, which is in line with the normal numbers of motoneurons and proximal axons measured in CMT2A Tg mice until month 12.
Whereas CMT2A Tg mice already display motor impairments at 6 mo, a significant decrease in NMJ occupancy in the soleus muscle is only observed at 12 mo. It was previously shown in another model with pathological changes in the motor system that locomotor deficits can be detected before structural changes at the level of NMJ (47) . Of note, MFN2 overexpression can have direct effects on the maintenance of the NMJ, via the axonal transport of calpastatin (48) . However, even in a structurally intact NMJ neurotransmission can be affected by cellular mechanisms, such as mitochondrial depletion (49) . Furthermore, the dynamic remodeling of the motor units, as shown in a model of amyotrophic lateral sclerosis, may also mask pathological defects at the level of the NMJ for a limited period of time (50) .
In agreement with the in vivo data, we observed no decrease in the survival of primary motor and sensory neurons induced to overexpress MFN2 R94Q for up to 8 d in vitro. However, we detected substantial neurite shortening and the presence of axonal swellings and spheroids indicating ongoing neurite degeneration. As no motoneuron death is observed, reduction in neuritic length of MFN2 R94Q motoneurons may reflect a dying-back process which has already been described in motoneuron diseases (22, 51) . Similar to previously published observations, sensory neurons also display signs of axonal degeneration without any reduction in neuritic length (10) .
MFN2 regulates ER-mitochondria associations as well as calcium transfer from ER toward mitochondria (17) . The connection between these organelles is maintained via interaction of MFN2 mitochondrial -MFN2 ER homodimers or MFN1 mitochondrial -MFN2 ER heterodimers (17, 26, 40) . It is still unclear whether MFN2 regulates positively or negatively the formation of MAM (17, 26, 27) . Recent work has discriminated the role of shortand long-range ER-mitochondria contacts based on a split green fluorescent protein-based contact site sensor (52) . Using this system, it was shown that down-regulation of MFN2 increases short-range ER-mitochondria connections, whereas it reduces the long-range ones, arguing the observed discrepancy regarding the role of MFN2 at MAM. Our data demonstrate that the neuronal overexpression of MFN2 R94Q affects ER-mitochondria contacts both in vitro and in vivo. In addition, we observed that the number of MAM is reduced in fibroblasts derived from CMT2A-R94Q patients. Since MFN2 R94Q is expressed at a level similar to MFN2 WT (8, 17) , it is unlikely that the observed defects are due to specific changes in MFN2 R94Q abundance at the level of the ER or mitochondria. Alternatively, altered capacity of MFN2 R94Q to interact with MFN2 (9) may contribute to the observed decrease in ER-mitochondria contacts. Interestingly, it has been shown that in contrast to MFN2, MFN1 is able to make functional interactions with MFN2 R94Q (9) . However, since MFN1 localization is restricted to mitochondria, it cannot complement MFN2 ER and may therefore only partially rescue the effects of the mutation at the level of ER-mitochondria contacts. Indeed, contrary to its effect on mitochondrial dynamics observed in sensory neurons (10), MFN1 overexpression does not rescue either the number of MAM or neurite shortening in motoneurons overexpressing MFN2 R94Q .
Disruption of MAM has emerged as a key process in several neurodegenerative diseases (22, 25, 53) . MAM regulate various processes essential for neuronal function, such as calcium transfer between ER and mitochondria, which controls ATP production (54) . MAM also control lipid synthesis and transfer, as well as mitochondrial dynamics (18) . Remarkably, stimulation of the MAM protein SIGMAR1 with the Pre-084 agonist prevented axonal degeneration in motoneurons overexpressing MFN2 R94Q . SIGMAR1 is an ER chaperone protein involved in the stabilization of IP3R, thereby controlling ER calcium efflux (54) . SIGMAR1 inhibition or loss has been connected to MAM defects and axonal degeneration in motoneurons (22, 53) .
Disconnection of ER and mitochondria can affect the function of both organelles. Interestingly, previous studies in mice already implicated ER stress in pathophysiology of demyelinating CMTs. Trembler-J (TrJ) mice, which carry a spontaneous L16P point mutation in PMP22 protein and represent a model of CMT1E, show evidence of UPR activation in ER (55) . Similarly, mutations in MPZ/P0 which models CMT1B (P0 S63del ) or Dejerine-Sottas syndrome (P0 R98C ) both cause ER stress and activation of UPR (55) . We therefore evaluated pathological changes in ER and measured an increase of ER stress markers that occurred in motoneurons both in vitro and in vivo. The potential link between MFN2 and ER stress remains poorly understood. MFN2 depletion in liver and skeletal muscle leads to an increase in P-eIF2α, CHOP, IRE-1, ATF6, and the ER chaperone BIP (56) . In cardiac myocytes, the deletion of MFN2, but not MFN1, enhances ER stress (57) . UPR aims at reestablishing proper ER function by promoting ER chaperone synthesis and ERassociated protein degradation, as well as decreasing protein translation. However, in case of sustained activation, UPR can lead to cell degeneration (58) . MFN2 modulates UPR sensors by direct interaction with PERK (direct activator of P-eIF2α), preventing its constitutive activation (59) . Our observation that the ER-stress inhibitor salubrinal prevents axonal degeneration in motoneurons expressing MFN2 R94Q suggests that ER stress is likely to contribute to axonal dysfunction in CMT2A.
We have also tried to evaluate the levels of ER stress in CMT2A patient-derived fibroblasts. However, the levels of P-eIF2α and CHOP were highly variable in both control and patients' cells, making it difficult to interpret a possible effect of MFN2 mutation on the basal and induced ER stress. The observed variability may reflect differences between used fibroblast culture that are likely to be linked to their proliferative capacity and/or their number of passages. Alternatively, fibroblasts might also be able to recover more easily from ER stress than neurons in culture conditions. Disturbances in the regulation of [Ca 2+ ] i was evident in both sensory and motor neurons overexpressing MFN2 R94Q as well as in CMT2A patient-derived fibroblasts compared with their respective controls. Our observation that the discharge of Ca 2+ from the ER is smaller in CMT2A cells could suggest a disturbance in the refilling of the ER Ca 2+ pool and/or an increase in ER Ca 2+ leakage. Store-operated calcium entry dysfunction has been implicated in GDAP1-associated Charcot-Marie-Tooth 4A, where defects in the partial depletion of intracellular Ca 2+ stores and/or release were reported (60) . The increase in capacitative Ca 2+ entry in CMT2A cells that was unmasked when extracellular Ca 2+ was removed could reflect a compensatory mechanism aimed at refilling the reduced Ca 2+ pool in the ER (61) . It would be tempting to hypothesize that the impaired ER-mitochondria tethering in CMT2A cells could reduce the direct availability of ATP to power the ER's ATPase activity, resulting in the net loss of Ca 2+ from the ER into the cytosol. This coupled with the increased capacitative influx of Ca 2+ may explain the larger CCCP-induced mitochondrial Ca 2+ responses seen in CMTA2 cells, which could in part reflect a mitochondrialdependent compensatory mechanism to buffer [Ca 2+ ] i .
Mitochondria can adjust to stress conditions by dividing or fusing. Mitochondrial fusion enables mitochondria to exchange components and rescue mitochondria, while mitochondrial fission promotes axonal transport and cell apoptosis (62) . Mitochondrial fragmentation has been reported in axons of sensory neurons or motoneurons overexpressing MFN2 R94Q (10, 14, 16) . We indeed observed decreased mitochondria length in vitro, in axons of both motor and sensory neurons overexpressing MFN2 R94Q , consistent with defects in mitochondrial fusion. Live imaging of mitochondria in intact sciatic nerves of 1-mo-old CMT2A Tg mice also showed a reduction in mitochondria length as well as overabundance of small mitochondria clusters. This could indicate that mitochondria tend to be fragmented already in the axons of young CMT2A Tg mice. Altered mitochondria dynamics may also underlie some of the behavioral and structural phenotypes seen in older mice, as confirmed by electron microscopy in motoneurons of 12-mo-old CMT2A Tg mice.
Defects in mitochondria positioning have been observed in sensory neurons expressing MFN2 R94Q (10, 14, 16) . However, other reports found mild or no axonal transport defects using in vitro models of CMT2A, such as motoneurons differentiated from CMT2A human iPS cells and sensory neurons expressing MFN2 R94W (11, 12, 15) . By measuring mitochondrial transport in vivo, we noticed that the velocity of slow-moving mitochondria, which could be defined as oscillation movements, was significantly decreased, which corresponds to an increase in the number of stationary mitochondria in CMT2A Tg mice. As oscillatory movements require ATP production (63), the strong reduction observed in CMT2A Tg axons may reflect reduced levels of available ATP. Although the levels of ATP have not been measured in the sciatic nerve, OXPHOS complexes and ATP levels are decreased in the brain of 9-mo-old CMT2A Tg mice (64) . In addition, mitochondria tend to form a higher number of small clusters in the axons of CMT2A Tg mice. Accumulations of mitochondria have also been observed in the soma and axons of both sensory and motor neurons in models of CMT2A (8, 13, 14, 16) , which may further contribute to mitochondrial transport defects.
It is noteworthy that we observed differences between motor and sensory neurons in the cellular response to MFN2 R94Q overexpression. Although changes in calcium homeostasis, number of MAM, and length of mitochondria were observed in both neuronal types, UPR markers and neuritic length remained unchanged in the sensory neurons. This selective vulnerability of motor vs. sensory neurons is consistent with previous reports, which showed selective perturbation of motoneurons induced by defects in the MAM protein SIGMAR1 (22) and ER stress to be specifically induced in motoneuron-based models of amyotrophic lateral sclerosis (65, 66) . The finding that motoneurons may be more vulnerable than sensory neurons to defects of the ER-mitochondria system may clarify why the motor function is generally more affected than the sensory function in CMT2A patients (42) .
In conclusion, our results show that altered interplay between ER and mitochondria contribute to the axonopathy present in CMT2A Tg mice. Therefore, modulation of these mechanisms should be considered as a potential future therapeutic strategy to prevent or delay the onset of CMT2A neuropathy.
Materials and Methods
See SI Appendix, Supplementary Information Materials and Methods for a detailed description of materials and methods.
Animals and Behavioral Assessments. In vivo work was performed using the mouse strain B6;D2-Tg (Eno2-MFN2*R94Q) L51Ugfm/J previously described by ref. 8 (alternative name MitoCharc1, purchased from The Jackson Laboratories, stock no. 012812). Animals were maintained as heterozygous by crossing B6;D2-Tg (Eno2-MFN2*R94Q)/males with B6;D2F1 females (Janvier). All experiments were done in accordance with Swiss legislation and the European Community Council directive (86/609/EEC) for the care and use of laboratory animals and were approved by the Veterinarian Office of the canton of Vaud and a local ethics committee.
Primary Neuronal Cultures and Fibroblast Cell Lines. Fibroblast cell lines were derived from skin biopsies, obtained from two normal controls and two CMT2A patients (PN198.1 and PN198.3; ref. 67) with a p.Arg94Gln missense mutation in the Mitofusin 2 gene (MFN2). Motor and sensory neurons cultures were prepared from E12.5 mouse embryos as previously described (22) .
Morphological and Molecular Biology Analysis. The construction and production of AAV viral vectors, PLA assay, Western blotting, immunocytochemistry, immunohistochemistry, calcium imaging, mitochondrial axonal transport, and electron microscopy were performed according to standard methods, details of which are described in SI Appendix, Supplementary Information Materials and Methods.
Statistical Analyses and Experimental Design. The applied statistical tests as well as the number of replicates are indicated in the figure legends. For all experiments based on primary cultures, results were obtained from at least three independent cell cultures. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
